Abstract. Two seasonal hydrographic data sets, including temperature, salinity, dissolved oxygen, and nutrients, are used in a mixing model which combines cluster analysis with optimum multiparameter analysis to determine the spreading and mixing of the thermocline waters in the Indian Ocean. The mixing model comprises a system of four major source water masses, which were identified in the thermocline through cluster analysis. 
Indian Ocean north of 40øS is actually dominated by only three source water masses, ICW, AAMW, and RSW/PGW. $harma [1976] , Quadfasel and Schott [1982] , and You and Tomczak [1993] have argued that the IEW of Sverdrup et al. [1942] is actually a mixture of water masses from the northern and southern Indian Ocean and from the Pacific. The BBW defined by Marhayer [1975] is the result of excess precipitation and river runoff over evaporation resulting in a low salinity (between 32 and 33 psu). This low salinity causes it to be isolated from the water in the main thermocline by a sharp halocline located between 50 and 100 m. Therefore, BBW defined by Mamayev [1975] is clearly restricted to only the surface layer (also see Figure 1 ) and will be excluded from the discussion of the main thermocline water in this paper. AAMW, also known as the Banda Intermediate Water according to Rochford [1966] , is a major water mass of the world ocean and, as part of the warm water route of North Atlantic Deep Water (NADW) return flow, plays a vital role in Gordon's [1986] global model of thermocline circulation. AAMW shows as a tongue of low salinity and high silicate extending westward from Indonesia in the International Indian Ocean Expedition (IIOP) atlas [Wyrtki, 1971] . ICW is formed at the surface in late winter at latitudes 40ø-45øS. As a result of subduction processes and subsequent mixing, the property relationships of ICW are nearly linear [Tomczak and Large, 1989] . ASW is actually a mixture of PGW and RSW [You and Tomczak, 1993] . According to Sharma [1976] the effect of PGW on thermocline water in the Arabian Sea is relatively smaller than that of RSW. You and Tomczak [1993] found, from an annual mean data set, that the influence of RSW in the upper thermocline is mainly restricted to the Arabian Sea, where it contributes up to 30% to the thermocline water. In contrast, Olson et al. [1993] , using chlorofluorocarbon (CFC) data, found an even smaller contribution of RSW, less than 10%.
From the preceding brief discussion of water mass structure, three water masses, IEW, BBW and ASW, can be excluded here in view of their formation sources. The discussion in this paper concentrates on main thermocline water itself. RSW and PGW are considered as a joint source water mass (even though PGW is not listed in Table 1 ), since they have similar water mass characteristics. Recently, You and Tomczak [1993] introduced a virtual water mass, NICW, consisting of aged ICW from the main thermocline layer in the Bay of Bengal below BBW. They argued that the introduction of this water mass is required by their optimum multiparameter (OMP) analysis, although it is not defined as an independent source water mass because it lacks a common formation process. They found that when they did not include NICW in their mixing model they derived a totally different water -mass contribution which could not be interpreted physically. Using an isopycnal-mixing-dominated surface with three conservative tracers (temperature, salinity, and initial phosphate) they showed that NICW is indeed the aged ICW (see You and Tomczak [1993] and their Figure A2 ). Gordon [1986] used NICW to symbolically represent the North Indian thermocline water. Thus from Table 1 be replenished from the tropics or even farther south. Warren et al. [1966] seem to be the first to put forward the idea that the thermocline of the northern Indian Ocean may be ventilated from the south. Colborn [1975] noted that there is some degree of mixing between BBW and AAMW in the Bay of Bengal and pointed out that some diapycnal mixing must occur in the northern Indian Ocean. Toole and Warren [1993] suggested that the deep and bottom waters could be largely converted to thermocline and surface waters. Recently, You [1996] found strong dianeutral upwelling in the northern Indian Ocean and downwelling in the southern Indian Ocean, and concluded that the dianeutral mixing plays a vital role in achieving water mass conversion and thermocline ventilation in the northern Indian
Ocean.
In an annual mean situation, You and Tomczak [ 1993] Under the influence of two distinct monsoon regimes, the transition of ICW to the northern Indian Ocean may undergo strong seasonal changes. The throughflow of AAMW transported into the Agulhas Current should also be affected by the monsoon reversals, with stronger westward flow during the southwest monsoon in the upper thermocline, because South Equatorial Current reaches its maximum during the summer monsoon. During the winter monsoon the South Equatorial Current does not belong to the monsoon gyre [Wyrtki, 1973] . Wyrtki [1973] suggests a much stronger impact on the water masses below the thermocline by the southwest monsoon compared with the northeast monsoon. He pointed out that the depth of circulation is greatest during the southwest monsoon. This affects the movement of water masses far below the thermocline. The Somali Current formation causes a strong baroclinic adjustment of the structure which is especially pronounced in the upper 400 m and noticeable as deep as 1000 m. Since the main thermocline water of the northern Indian Ocean is located in the 150 to 600 m depth range, well within the depth of monsoonal influence, the seasonal changes of main thermocline water masses in response to the monsoonal changes have to be considered. The thermocline circulation and ventilation studied in this paper are determined by examining water mass mixing among the four water mass of the system: ICW, NICW, AAMW, and RSW/PGW. Therefore the seasonal effect on these water masses, as defined through source water types, will be quantified. Afterward, calculation of the mixing ratios among those source water masses is carried out to account for a seasonal signal. In section 2, two data sets, which represent two monsoon seasons, and the methods used in this paper are briefly described. The distribution of hydrographic parameters including pressure, potential temperature, salinity, dissolved oxygen, phosphate, and silicate on individual isopycnal surfaces for the two seasons is shown in section 3. The definition of the source water types for the two seasons is discussed in detail in section 4. The results of the water mass mixing analyses for the two seasons are presented in section 5. The summary and discussion in section 6, based on a schematic of summer and winter thermocline circulation, conclude the paper.
Data and Methods
Because of the limited available data resources at that time, You and Tomczak [1993] used a single data set of historical hydrography, covering all seasons and years, to study the annual mean of thermocline circulation and ventilation in the Indian Ocean north of 40øS. Since then there have been opportunities to access additional data from both historical and update cruises obtained for this ocean basin. The combined total data set has been synoptically divided into two seasons according to their measuring time, the southwest monsoon (May-October) and northeast monsoon (November-April) (hereinafter "summer" and "winter" refer to the northern hemisphere summer and winter seasons). As a result, there is reasonably good coverage for both seasons (see Figures 2a and 2b) I  I  I  I  I  I  ,  I  I A water mass is defined here as a body of water with a common formation history for all of its contained elements. The permanent thermocline contains several such water masses, which can penetrate one another as a result of mixing. As water masses are physical entities of finite volumn, they can be mathematically described by functional relationships between their characteristic properties and a set of standard deviations. A water type is defined as a point in parameter space; it is only a mathematical construct and does not occupy any volume in parameter space. The functional relationship of a water mass represented by its characteristic properties can then be described by an infinite set of water types, which are called source water types [Tornczak and Large, 1989] . In practice, if the functional relationship between all parameters of a water mass is linear, the water mass can then be described by a minimum of two source water types.
The variables used in this study are considered to be conservative (following You andTornczak [1993] ). This is a reasonable assumption if the analysis is restricted to mixing in the upper kilometer of the ocean and over horizontal distances of the order of hundreds of kilometers. On that scale, the effects of advection and turbulent diffusion clearly outweigh any biochemical effects [You and Tornczak, 1993] . However, the present analysis is concerned with circulation features on an oceanic scale where biochemical oxygen consumption and nutrient gain cannot be ignored. To cope with these effects in the frame work of OMP analysis, the virtual water mass NICW, introduced in section 1, is used to represent aged Indian Central Water. As was mentioned above, this "water mass" is defined only for the purpose of OMP analysis and not in the sense of our definition above. The main idea here is that when ICW transits to the northern Indian Ocean through advection and diffusion epipycnally (or epineutrally) or diapycnally (or dianeutrally) along the isopycnal surfaces (or neutral surfaces [see You, 1996] The source water types determined as the cluster centers on individual isopycnal surfaces are then used to derive the "real" source water types through regression analysis in propertyproperty diagrams. The intersection points of the isopycnal 
where m is the number of parameters, n is the total number of stations, and W represents the weight attributed to the various parameters, reflecting differences in measurement accuracy, degree of conservativeness, and other processes which may render some parameters less reliable than others. These weights Two conservative parameters, temperature (beneath the mixed layer) and salinity, usually attain the largest weight. This largest weight is also allocated to the mass conservation equation (2), since the method of weight calculation described above is not applicable to mass conservation. As was mentioned above, five parameters were found to provide useful information for the present study. This restricts the number of source water types that can be handled by OMP analysis to a maximum of six, and we must ask whether six water types are sufficient to represent all water masses in the region. [ 1993] for this particular approach. With five parameters and six source water types, OMP analysis does not degenerate into a uniquely determined system of equations [Tomczak, 1981] because the solutions, which are subject to the nonnegativity constraint, have to be determined through residual minimization. Wyrtki [1973] suggested that the pronounced seasonal variations occurred primarily only in the upper 400 m. The 00=26.7 isopycnal surface discussed above is just located at this level. At greater densities the seasonal effect on property fields becomes weaker. Figure 5 shows the 00=26.9 isopycnal surface, which has an average depth of about 600 rn for both seasons in Figure 5a . Seasonal signals can still be clearly identified along the Somali coast in the summer temperature (11.5 øC) and salinity (35.3 psu) fields in the left panels of Figures 5b and 5c , where at least 2 degrees of latitudinal shift are evident. In contrast with the upper two isopycnal surfaces, the temperature and salinity fields at 00=26.9 do not show any structure for AAMW during the two seasons. This suggests AAMW to be significantly weaker on this level. However, AAMW can still be identified in the silicate field in Figure 5f , where AAMW is characterized by slightly higher silicate and distinguished from the high silicate of NICW by relatively lower silicate in between. The seasonal signal does not disappear even at the deepest 00=27.1 isopycnal surface in Figure  6 . The difference of seasonal signal can still be well identified, for example, the summer temperature (11.0øC), salinity (35.4 psu) and oxygen (1.0 mL/L) in the left panels of Figures 6b, 6c , and 6d in contrast to the right panels during the winter. The initial source water types derived through cluster analysis on each isopycnal surface are then plotted in property-property diagrams: temperature against salinity, temperature against oxygen, and temperature against nutrients, as shown in Figure 8 . We note that cluster analysis presents a simplified water mass structure. The calculation was carried out for all four isopycnal surfaces during the two seasons. Consequently, four cluster centers, or initial source water types, were obtained for each source water mass. Table 2 and   Table 3 
Results

1. Isopycnal Surfaces
With the limitation of only six available equations, the mixing model comprises three water masses. It outputs mixing ratios for each water mass (i.e., the sum of the contributions from its two 10,405 One may ask why we do not see the northward bending of AAMW on the upper isopycnal surface, where property distribution also shows northward extension. A simple answer is that above surface, 00=25.7, is not an isopycnal-dominated surface, and diapycnal/dianeutral mixing has to be invoked [You, 1996] .
One common point can be drawn during the two seasons in Figure 10c , namely, AAMW extends westward enough to be another source water of the western boundary current. These results in Figure 10 Below the {50=26.7 surface the seasonal signals are weaker, though they do not disappear, as we have seen from the parameter distribution in section 3. Of course, the thermocline circulation could be expected to be rather sluggish. This is especially true in the northern Indian Ocean. Because seasonal signals on the lower two isopycnal surfaces are not as apparent as those on the upper two surfaces, we have to analyze the subtle seasonal differences carefully. Moreover, because the residual during the winter (the right panels of Figures 1 l d and 12d) is relatively larger than during the summer in the northern Indian Ocean, a spurious higher mixing ratio for the winter may sometimes occur. For example, with an ICW mixing proportion of 10% in the Bay of Bengal in both panels of Figure 1 l a, a zero contribution is given when the residual of 10% during the winter (Figure 1 l d, right  panel) is subtracted. However, with 5% of residual during the summer (Figure 11 d, left panel) one derives an ICW contribution of 5%. Therefore the seasonal difference of watermass contribution needs to be analyzed in combination with the residual map. Taking a 5% residual into account for both seasons in Figure 11 d, we still find a relatively stronger summer signal (Figure 11 a, left panel) in the northward flow of ICW at northeast of Madagascar (note the 70 and 60% contour lines) compared to the right panel of Figure 11 d. However, we should keep in mind that one usually assumes only the surface layer to be controlled by the monsoon regime. This paper concerns the circulation below the surface down to the main thermocline. Although the mixing pattern of water -mass contributions in the upper thermocline has suggested a circulation more or less similar to that in the surface layer, we may not assume that there exists no countercurrent (opposite to the surface flow) in the lower thermocline. On the other hand, the stronger northward flow of ICW through the western boundary has to return to the south rather than pile up in the northern Indian Ocean and wait for the following opposite monsoon season to take it back to the south. Therefore the return flow is expected along the eastern boundary or in the lower thermocline.
The path of southward NICW is still seen clearly in the western Indian Ocean (Figures 1 lb and 12b) . Although AAMW is weaker in the lower thermocline, its westward cross-Indian Ocean flow and contribution to the Agulhas Current is shown clearly in Figures 11 c and 12c for both seasons.
Cross Sections
You and Tomczak [1993] showed that ICW extends northward into the northern Indian Ocean with a high proportion of mixing ratios even in an annual mean situation. They suggest that the northward movement of ICW during the summer monsoon has therefore a much stronger impact on the thermocline circulation and ventilation. In other words, during the summer monsoon, under the strong southwesterly wind, a western boundary current, the Somali Current, develops and transports a large volume of water to the equatorial and northern Indian Ocean along Somali coast. The Southwest Monsoon Current, which is a continuation of the Somali Current, flows eastward and then turns to south merging with the South Equatorial Current. The South Equatorial Current, flowing westward with the throughflow of AAMW and northern subtropical gyre water, is enhanced, and most of its water recirculates into the Somali Current. It forms a wind-driven cyclonic gyre in the equatorial Indian Ocean, similar to the North Atlantic and North Pacific Ocean gyres. During the winter monsoon, under the northeasterly wind, the Somali Current disappears and is replaced by a reverse current, the North Equatorial Current, which carries a much smaller volume of water southward at a rather shallow depth [Wyrtki, 1973] . 
Summary and Discussion
Using two seasonal hydrographic data sets in a mixing model of optimum multiparameter analysis combined with cluster analysis 
